The yeast Rhodosporidium sp. metabolized 4-chloronitrobenzene by a reductive pathway to give 4-chloroacetanilide and 4-chloro-2-hydroxyacetanilide as the major final metabolites. The intermediate production of 4-chloronitrosobenzene, 4-chlorophenylhydroxylamine, and 4-chloroaniline was demonstrated by highpressure liquid chromatography. Additional studies with selected metabolites established that the metabolite 4-chloro-2-hydroxyacetanilide was produced by an initial Bamberger rearrangement of the hydroxylamine metabolite, followed by acetylation. Direct C hydroxylation of the aromatic ring was not observed in this species. No hydroxamic acid production was detected, even though significant concentrations of the nitroso and hydroxylamine precursors to this functional group were observed.
The yeast Rhodosporidium sp. metabolized 4-chloronitrobenzene by a reductive pathway to give 4-chloroacetanilide and 4-chloro-2-hydroxyacetanilide as the major final metabolites. The intermediate production of 4-chloronitrosobenzene, 4-chlorophenylhydroxylamine, and 4-chloroaniline was demonstrated by highpressure liquid chromatography. Additional studies with selected metabolites established that the metabolite 4-chloro-2-hydroxyacetanilide was produced by an initial Bamberger rearrangement of the hydroxylamine metabolite, followed by acetylation. Direct C hydroxylation of the aromatic ring was not observed in this species. No hydroxamic acid production was detected, even though significant concentrations of the nitroso and hydroxylamine precursors to this functional group were observed.
In recent years considerable interest has been given to the production of aromatic nitroso compounds by various biochemical processes. Of greatest concern is the role that this class of compounds might play in bringing about the toxic effects of aromatic amine and nitro compounds (6) . There is sufficient evidence to suggest that the nitroso oxidation state is produced as an intermediary metabolite both during arylamine N oxidation (20, 33) and reduction of nitro aromatics (5, 23, 26, 33) . Unfortunately, the actual detection of the nitroso metabolite is rarely reported because of the experimental difficulties attendant to the analysis of this functional group. In other studies we have successfully applied high-pressure liquid chromatography (HPLC) to detect the production and further reactions of aromatic nitroso compounds (9, 11) .
A major effort in our laboratory has been to determine the ability of selected microbial species to produce the nitroso oxidation state as an intermediate during the metabolism of either arylamine or nitroaromatic compounds. Nitroreductase activity is a well-known metabolic transformation in both aerobic and anaerobic organisms (24) , although the nitroso oxidation state has rarely been detected during nitro reduction. We now report on the metabolic reduction of 4-chloronitrobenzene (I) by a basidiomycetous yeast of genus Rhodosporidium. In addition to the observation of the transient metabolite, 4-chloronitrosobenzene (II), we also determined all other major metabolites produced by this yeast. 942 The substrate employed in this study and related nitro aromatics constitute an important group of industrial chemicals. As such their ultimate metabolic fate remains an important question. The metabolic processes carried out by this Rhodosporidium sp. in axenic culture should be of assistance in predicting the potential fate of nitroaromatics in the environment.
MATERIALS AND METHODS
Culture conditions for Rhodoaporidium sp. The Rhodosporidium sp. was a generous gift from J. W. Fell (University of Miami) and was previously described as Rhodotorula graminis (ATCC 18159) and as Sporobolomyces coprophilus (CBS 5811). The basidiomycetous yeasts including the genus Rhodosporidium have been previously described (14, 15) . The microorganism was maintained on agar slants prepared by autoclaving a mixture of 1.5% (wt/vol) of agar (Difco Laboratories) in 0.67% (wt/vol) yeast nitrogen base (Difco) and 0.5% (wt/vol) dextrose in water. Shake cultures were initiated by loop inoculation from an agar slant into 50 ml of a filter-sterilized solution of yeast nitrogen base (6.7 g/liter) and dextrose (5.0 g/liter) contained in a 250-ml Delong flask closed with a stainless steel kaput (Beilco Glass, Inc.).
The cultures were shaken at ambient temperature on a New Brunswick model G2 Gyrotory shaker at 200 rpm. Shake cultures of 50 ml each were maintained by inoculation of fresh medium with 0.5 ml of 3-day-old shake cultures. Larger cultures of 1.0 liter each were initiated by the addition of 50 ml of a 3-day-old shake culture to 1 liter of fresh medium contained in a 2. 
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Substrate addition and sampling methods. Solutions of substrates were prepared in 95% ethanol (EtOH), such that addition of the ethanolic solution corresponding to 0.10% (vol/vol) of the culture volume gave the substrate in the final desired concentration of either 0.10, 0.25, or 1.0 mM. The addition of such substrates was generally made after the yeast had grown aerobically for 3 days, although experiments were also conducted with the addition of substrate immediately after the inoculation of the shake flasks with Rhodosporidium sp. Controls were conducted in a similar manner by the addition of 95% EtOH lacking any substrate. Aliquots of 2 to 5 ml were taken aseptically at timed intervals (generally on a daily basis) and then centrifuged to deposit the Rhodosporidium sp. cells as a pellet. This procedure gave a clear, nearly colorless solution which was either immediately analyzed by HPLC as described below or frozen and stored at -20°C until analyses could be conducted. In several experiments, the cell pellets were resuspended with a volume of 95% EtOH equivalent to the original aliquot volume and allowed to stand for several hours to effect metabolite extraction. Such extracts were also analyzed by HPLC.
HPLC quantitation. Injections of 10 pl each were made into an HPLC system consistiig of a Waters
Associates model U6K septumless injector, two model 6000A solvent delivery systems controlled by a model 660 solvent programmer, and a model 440 dual-channel absorbance detector. The quantitative determination of substrate and metabolites was achieved by comparison of peak heights observed to those generated by known amounts of authentic standards. The detection was normally made at 254 nm, although the 313 nm detector channel was employed to quantitatively determine 4-chloronitrosobenzene (II). Most analyses were conducted with a solvent gradient consisting of an initial isocratic elution with 30% CH3CN for 5.0 min followed by gradient program no. 9 over a 20-min period and ending with 80% CH3CN. Other solvent systems were isocratic and included 20% CH3CN, 40% CH3CN, and a specialty system for hydroxamic acids (8 identical to those of 4-chloroacetanilide (V). Rechromatography of fractions 15 to 20 on the same size column bed with 500 ml of 1% MeOH-CH2Cl2 gave fractions of pure 4-chloroaniline (IV) as indicated by ultraviolet and infrared spectra. Rechromatography of fractions 33 to 39 on the same size column bed with 500 ml of CH2Cl2 followed by 1.0 liter of 0.5% MeOHCH2Cl2 gave a fraction that proved to be 4-chloro-2-hydroxyacetanilide (VI) on the basis of ultraviolet and infrared spectra (see Fig. 2 ) identical with those of authentic VI.
Preparation of authentic standards. The primary substrate, 4-chloronitrobenzene (I), was obtained from Aldrich Chemical Co. and recrystallized from EtOH. The metabolites 4-chloroaniline (IV), 4-chloroacetanilide (V), 4-hydroxyaniline (VI), and 4-hydroxyacetanilide (IX) were obtained from Aldrich Chemical Co. and recrystaized from aqueous EtOH before use. 4-Chlorophenylhydroxylamine (III) and N-(4-chlorophenyl)acetohydroxamic acid (X) were prepared by a previously published method (29) . 4-Chloronitrosobenzene (II) was prepared and purified as previously described (9) . The synthesis of 2-amino-5-chlorophenol (VII) was achieved by dissolving 36 g (0.25 mol) of4-chlorophenylhydroxylamine (III) in 500 ml of water containing 49 g (0.5 mol) of H2SO4 under an N2 atmosphere. The solution was heated at 70°C for 2 h and then allowed to cool to room temperature. The dark reaction mixture was extracted with 300 ml of ether, which was discarded. The aqueous solution was treated with 84 g (1.0 mol) of solid NaHCO3 and then extracted twice with 400 ml of ethyl acetate. The combined ethyl acetate extracts were dried (Na2SO4) and evaporated in vacuo. The dark residue was chromatographed on silica gel with CH2Cl2 while progressively increasing the MeOH content to 1, 2, 5, and 10%. Fractions containing VII were combined and evaporated. Recrystallization of the residue from aqueous EtOH gave 2.1 g (6% yield) of VII as fine pale violet needles: melting point, 154 to 155°C; absorption maximum of EtOH solution at 296 nm, e = 3,300, and absorption maximum of EtOH solution at 242 nm, e = 7,900. The synthesis of 4-chloro-2-hydroxyacetanilide (VI) was achieved by stirring 1.1 g (7.6 mmol) of VII in 20 ml of CHC13 with 1.0 g (10 mmol) of acetic anhydride and 0.5 g of pyridine for 1 h. To the reaction mixture was added 0.2 ml of water; stirring was continued for 30 (18) . Considerable loss of nitroso aromatics also occurs due to volatilization during solvent evaporation procedures. We were unable to detect II by TLC analysis of a concentrated extract from the medium, even by employing the highly sensitive colorimetric spray, trisodium pentacyanoamine ferroate (31, 33) . However, by HPLC we detected a peak that chromatographed in a manner identical to that of authentic 4-chloronitrosobenzene. Further evidence to establish the identity of this HPLC peak was obtained by comparative peak height analysis through simultaneous detection with 280-and 313-nm wavelength detectors. Both the HPLC peak due to authentic II and the suspected peak present in incubation mixtures gave a ratio of absorbancy at 280 nm to that at 313 nm of 0.67. Figure 1 also demonstrates the very low ratio of absorbancy at 254 nm to that at 313 nm for the nitroso metabolite (II). Further evidence for the presence of II as a metabolite was obtained by treatment of'incubation aliquots with 100 mM glyoxylic acid, which caused the rapid and selective disappearance of the nitroso peak as expected on the basis of our previous work (11) . The upper scan resulted from detection with the 254-nm channel, and the lower scan resulted from detection with the 313-nm channel. Peak assignment numbers correspond to structures given in Table 1 and Figure 4 . The gradient system employed to obtain this chromatogram is described in the text.
The arylhydroxylamine metabolite III was identified by cochromatography with authentic III on HPLC and TLC in several solvent systems (Table 1 ). In addition, the spraying of TLC plates with pentacyanoamine ferroate gave a characteristic immediate violet color for the spot corresponding to III (31, 33) . Further confirmatory evidence for the presence of III was obtained by treatment of an incubation aliquot with 1% FeCl3 in MeOH. This resulted in the disappearance of the HPLC peak corresponding to III and an increase in the peak intensity corresponding to II, which is an expected observation for this chemical oxidation of the arylhydroxylamine III to the nitroso compound II (9) .
The trace metabolites VII, VIII, and IX were first detected by TLC with visualization by pentacyanoamine ferroate. HPLC peaks corresponding to these metabolites were eventually observed by employing special solvents ( suggestive evidence for the presence of VII as a trace metabolite. The metabolites 4-chloroaniline (IV), 4-chloroacetanilide (V), and 4-chloro-2-hydroxyacetanilide (VI) were isolated in pure form from large-scale metabolic studies. The identity of each of these major metabolites was absolutely proven by comparison of the infrared spectra of the isolated metabolites to those of authentic standards. In each case, the infrared spectra were superimposable. Compound VI was previously reported as a fungal metabolite of 4-chloraniline, although only the mass spectrum was reported (16) . Since VI is an interesting metabolite, but difficult to synthesize, the infrared spectrum of this metabolite is presented in Fig.   2 for future reference.
Quantitative aspects of metabolism. The metabolism of 4-chloronitrobenzene by Rhodosporidium sp. was investigated at concentrations of 0.10, 0.25, and 1.0 mM in substrate. At the two higher substrate concentrations, studies were initiated on 3-day-old shake cultures which were nearing the end of the logarithmic growth phase. Attempts to initiate studies with 1.0 mM substrate on freshly inoculated cultures resulted in a strong growth inhibition. At a concentration of 0.25 mM substrate this inhibitory effect was much weaker, and at 0.10 mM substrate no growth inhibition was observed. The results of studies conducted at all concentrations were qualitatively identical, as were studies with 0.10 mM substrate administered to freshly inoculated cultures. The relative amounts of metabolites at any given time was found to be somewhat variable and dependent not only upon the substrate concentration but also upon other variables. Such variables probably include inoculum size and age, incubation sample volume, agitation rate, and other possible variables which have been noted in other studies (16) .
The results of a typical study of the metabolism of 4-chloronitrobenzene (I) by this yeast are illustrated in Fig. 3 . By use of HPLC analysis it was possible to quantitatively follow the production of many of the intermediary and final metabolites during the course of a 10-day incubation period. The ability to determine the production of the intermediary nitroso metabolite II, even though its concentration always remained low, was the result of the high level of detector sensitivity at 313 nm for this metabolite combined with a retention time free of interfering peaks (Fig. 1) . The same situation did not hold for the trace metabolites VII to IX, and their concentrations could not be determined with reasonable accuracy. On a daily basis, the total sum of the substrate and metabolite concentrations varied between 87% (day 4) and 94% (day 6) of the total initial substrate added to the culture. The standard error for the HPLC quantitation of total yield was +5% as determined by seven injections of the same sample. Examination of the cell pellets resulting from centrifugation indicated that an additional 5 (10) . hydroxylamine (III) to 4-chloroaniline (IV), which is then acetylated to produce 4-chloroacetanilide (V) as the major single final metabolite of I in this yeast. The overall reduction of I to IV is similar to that described in other reports concerning the microbial metabolism of aromatic nitro compounds (17, 22, 34) , with acylation of the aniline being a common final reaction (1, 13, 27, 32, 34) . The final reaction of acetylation has been suggested to serve as a detoxification mechanism by the microorganism, since anilides are less toxic than the corresponding anilines (35) .
The second distinct pathway is proposed to be the result of an N C migration of the hydroxyl group in III. Such an aromatic rearrangement is known commonly as the Bamberger rearrangement and can result in the production of VII and VIII by ortho and para attack of OH-, respectively (28) . A related rearrangement is the Boyland-Sims reaction (4) . The possibility that this N C migration could be enzyme mediated has been reported (2, 30) . Metabolic acetylation of the Bamberger rearrangement products (VII and VIII) gave the metabolites VI and IX, respectively, although only a trace of the latter was detected. At times, the amount of VI produced was quite significant and often amounted to about 20% of the total metabolites of 4-chloronitrobenzene at the end of the incubation period.
The conversion of 4-chloroaniline (IV) to 4-chloro-2-hydroxyacetanilide by Fusarium oxysporum was reported to occur via C hydroxylation of the aromatic ring followed by acetylation (16) . Such a metabolic oxidation is also known to be effected by mammallian microsomal oxidases but with displacement of Cl-by OH- (12 (10), presumably through the action of thiamine-dependent enzymes (6, 7, 10) . Another pathway for the production of the potential hydroxamic acid metabolite X would occur via acetylation of the hydroxylamine III. By analogy to our observation that arylamines were readily converted to their anilides by Rhodosporidium sp., we expected that acetylation of III would give X. The failure to observe such a metabolite, coupled with our finding that X is quite stable when incubated with this yeast, suggests that the enzymes responsible for arylamine acylation are quite specific. However, this explanation cannot be proven with the present data since it is possible that hydroxamic acids produced intracellularly are not released into the medium or are further rapidly metabolized before release into the medium. The failure of Rhodosporidium sp. to metabolize X added as a substrate to the culture medium could be due to the lack of membrane transport of this compound into the cell. We can only conclude that hydroxamic acid metabolites are not present in the culture medium, as are all the other metabolites of 4-chloronitrobenzene (I).
We did not detect any azo or azoxy metabolites by direct analysis of the culture medium. Other investigators have observed such metabolites during arylamine metabolism by various microorganisms (18, 19) . The most reasonable explanation for these metabolites is that they result from the condensation of N-oxidized metabolites such as the hydroxylamine or nitroso compounds (25, 36) . Although we observed rather significant intermediary concentrations of II, III, and IV, we did not observe any of the possible condensation products, except after solvent extraction and vacuum evaporation. Such techniques, which are so commonly employed and which involve concentration steps, would be expected to strongly favor the production of azo and azoxy metabolites by bimolecular reactions. We feel that azo and azoxy compounds are most often artifacts resulting from these common analytical methods. Their observation in microbial APPL. ENVIRON. MICROBIOL. incubation mixtures is strongly indicative of intermediary hydroxylamine and nitroso metabolites. However, unless azo and azoxy compounds are detected by direct methods that do not favor condensation reactions, we believe they should be referred to as artifacts or metabonates (3) .
We have found that direct analysis of microbial incubation mixtures by means of HPLC offers distinct advantages for the study of xenobiotic transformations. Most obvious in the present case is the ease of determination of 4-chloronitrosobenzene as a transient metabolite. In fact, this metabolite escaped detection when the usual extraction and evaporation techniques were employed. Finally, direct HPLC analysis greatly miIniizes the production of artifacts.
It has been suggested that yeasts are more effective in nitro group reduction than are other microorganisms (21) . This is the first report of the detection of an intermediate nitroso metabolite by any member of this group. The observation of divergent paths taken in further metabolism of the arylhydroxylamine (III) is rather unique, and the nonreductive path may well constitute an important pathway for the microbial production of ring-hydroxylated aniline derivatives.
